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Using Brownian dynamics simulations, we systematically study the effective interaction between
two parallel hard walls in a 2D suspension of self-propelled (active) colloidal hard spheres, and we
find that the effective force between two hard walls can be tuned from a long range repulsion into
a long range attraction by changing the density of active particles. At relatively high densities, the
active hard spheres can form a dynamic crystalline bridge, which induces a strong oscillating long
range dynamic wetting repulsion between the walls. With decreasing density, the dynamic bridge
gradually breaks, and an intriguing long range dynamic depletion attraction arises. A similar effect
occurs in a quasi-2D suspension of self-propelled colloidal hard spheres by changing the height of
the confinement. Our results open up new possibilities to manipulate the motion and assembly of
microscopic objects by using active matter.
In past decades, the non-equilibrium dynamics of self-
propelled particles has attracted an increasing amount
of interest, which originates from the aim to understand
the intriguing self-organization phenomena in nature like
bird flocks, bacteria colonies, tissue repair, and cell cy-
toskeleton [1]. Very recently, breakthroughs in particle
synthesis have enabled the fabrication of artificial col-
loidal microswimmers that show a high potential for ap-
plications in biosensing, drug delivery, etc [2]. A number
of different active colloidal systems have been realized in
experiments, such as colloids with magnetic beads act-
ing as artificial flagella [3], catalytic Janus particles [4–
7], laser-heated metal-capped particles [8], light-activated
catalytic colloidal surfers [9], and platinum-loaded stom-
atocytes [10]. In contrast to passive colloids undergoing
Brownian motion due to random thermal fluctuations of
the solvent, active self-propelled colloids experience an
additional force due to internal energy conversion. Al-
though the long time dynamics of self-propelled particles
is still Brownian, with a mean square displacement pro-
portional to time [11], the random self-propulsion has
produced a variety of strikingly new phenomena, which
were never observed in corresponding systems of passive
particles [12], e.g. bacteria ratchet motors [13], meso-
scale turbulence [14], living crystals [9] etc. In this work,
we address the question whether active matter can serve
as a medium to generate unexpectedly large effective in-
teractions between large immersed objects to direct their
motion and assembly [15]. To this purpose, we employ
a simple, yet representative model system, in which we
study the effective interaction between two parallel hard
walls immersed in suspensions of self-propelled colloidal
hard spheres. We find that when the density of particles
is relatively high, a dynamic crystalline bridge forms be-
tween the two walls, which induces a strongly oscillating
repulsive dynamic wetting force, with a range depending
on the size of the dynamic clusters. With decreasing den-
sity of particles, this dynamic crystalline bridge becomes
smaller, and the effective force between the two walls de-
velops a long attractive tail. Intriguingly, in the limit
of zero density, i.e. non-interacting ideal self-propelled
particles, the effective interaction turns into a long range
dynamic depletion force, with a range depending on the
persistence length of the mean free path of the particles,
which can be tuned by varying the self-propulsion on the
particle. Therefore, our results suggest a novel way to
tune the interaction between large objects by immersing
them in suspensions of small self-propelled colloids. The
sign of interaction can be tuned from long range repulsive
to long range attractive by changing the density of par-
ticles, and the range of interaction can be controlled by
varying the magnitude of self-propulsion on the particles.
We consider a 2D suspension of N (between 10,000
and 100,000) self-propelled colloidal hard spheres. The
interaction between particles is modeled with a steep
Weeks-Chandler-Andersen (WCA) potential, which is a
good approximation of the interaction of colloidal hard
spheres [16–18]. Even though the particles are driven and
energy is continuously supplied to the system, we assume
the solvent to be at an equilibrium temperature T . The
motion of particle i with position ri and orientation uˆi




[−∇iU(t) + ξi(t) + f uˆi(t)] , where the po-
tential energy U is the sum of interactions between all
particle pairs, and the short-time self diffusion coefficient
D0 of particle i is proportional to its inverse diameter
1/σ. A stochastic force with zero mean, ξi(t), describes
the collisions with the solvent molecules, and satisfies
〈ξi(t)ξTj (t′)〉 = 2(kBT )21δijδ(t− t′)/D0 with 1 the iden-
tity matrix. In addition, the self-propulsion of particle i
is described by a constant force f in the direction uˆi(t) at
time t, which undergoes free Brownian rotation [19] with
a rotational diffusion coefficient assumed Dr = 3D0/σ
2
according to the Stokes-Einstein relation [20].
We first perform Brownian dynamics simulations of
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FIG. 1: (color online) (a) Effective forces Fσ/kBT as a function of wall-to-wall distance r at density ρbulkσ
2 = 0.4 with
various activity f . (b) Fσ/kBT and the average density ρ(r) inside the confinement −0.5r ≤ x ≤ 0.5r,−0.5W ≤ y ≤ 0.5W
as function of r with fσ/kBT = 40 and ρbulkσ
2 = 0.4. (c) Fσ/kBT as a function of r at ρbulkσ
2 = 0.4 with various
Gaussian size polydispersity s. (d) Reduced density distribution log10[ρ(x, y)/ρbulk] of active particles with fσ/kBT = 40 at
ρbulkσ
2 = 0.4, with a wall-to-wall distance r/σ = 2.1, 5, 10 and 20. (e) Typical snapshots of systems for density distributions
in (d), respectively. (f) F/(ρbulkσkBT ) for fσ/kBT = 40 as function of wall-to-wall distance r for various particle densities.
(g) Fσ2/(WkBT ) for a self-propelled ideal particle system with fσ/kBT = 40 and ρbulkσ
2 = 0.2 for various wall sizes W . The
lines are fits with ∼ − exp(−r/ξ). (h) Fσ2/(WkBT ) for ideal particles with density ρbulkσ2 = 0.2 for various self-propulsion
and a wall size W/σ = 80. (i) Reduced density distribution log10[ρ(x, y)/ρbulk] for ideal particle systems with fσ/kBT = 40
and r/σ = 2.2, 5, 10 and 20, where the wall size is W/σ = 10, and ρbulkσ
2 = 0.4.
0.4, which is much lower than the equilibrium crystalliza-
tion density of hard disks [21], for hundreds of Brownian
times τB = σ
2/D0. In equilibrium, i.e. f = 0, the system
stays in a homogeneous fluid state (Ref. [16] Fig. S1a). It
has been found that with increasing self-propulsion, the
system undergoes a dynamic phase separation via nu-
cleation and growth above a “binodal” point, and spin-
odal decomposition near a “spinodal” [9, 22–29, 29–35].
At density ρbulkσ
2 = 0.4, the binodal and spinodal of
the dynamic phase separation are very close to each
other [27]. Therefore, with increasing self-propulsion
from fσ/kBT = 20 to 60, the average dynamic clus-
ter size increases when approaching the spinodal of the
dynamic phase separation, and at fσ/kBT = 80, a full
dynamic phase separation occurs (Ref. [16] Fig. S1b-e).
Next, we put two parallel hard walls into the system,
modelled as line segments with length W perpendicular
to the horizontal (x) axis, and fixed at (−r/2, 0) and
(r/2, 0), where r is the center-to-center distance between
the two hard walls. The interaction between particle and
wall is given by the WCA interaction using the mini-
mal distance between the center of particle and the line
segment [16]. A hard wall thus appears as a hard 2D
spherocylinder with width σ and cylindrical length W .
We measured the effective force between walls with size
W/σ = 10 immersed in the self-propelled hard sphere
suspension at bulk density ρbulkσ
2 = 0.4 with various
random self-propulsion f (Fig. 1a). We ensure that our
system is large enough to neglect the effect of the walls
on the bulk phase. When f = 0, the two walls only feel a
short range depletion force (F < 0 ) due to the colloidal
particles, which terminates at around r/σ ' 2, where
the particles start to fill the confinement area. When the
random self-propulsion increases to fσ/kBT = 20 and 40,
a strong oscillating force appears between the two walls,
and with increasing f , both the strength and range of the
force dramatically increase. The magnitude of the force
reaches Fσ = 1500kBT for fσ/kBT = 40. To understand
the origin of this giant force, we plot the reduced density
distribution of particles ρ(x, y)/ρbulk with fσ/kBT = 40
for various wall-wall separations in Fig. 1d. When the
wall-to-wall distance r/σ ' 2, the confined area is filled
by a layer of particles (see Fig. 1e). For 2 ≤ r/σ ≤ 10, a
bridge of several dense layers of particles forms between
the walls, visible as peaks in Fig. 1d. Typical config-
urations of the dynamic bridge in Fig. 1e show that it
has crystalline order, in which most of the particles are
on a hexagonal crystalline lattice. When the wall-wall
separation further increases to r/σ = 15, the dynamic
bridge breaks (Fig. 1e), and the interaction between the
two walls vanishes. To further investigate the relation-
ship between the effective force and the dynamic crystal
3layering between the two walls, we plot the average par-
ticle density inside the confinement, ρ(r), as a function
of wall-wall separation r in Fig. 1b. For r/σ < 2, no par-
ticles are within the confinement, and the strong forces
on the outside push the two walls together. For r/σ > 2,
ρ(r) first increases and then starts oscillating as a func-
tion of r. Interestingly, the oscillation of ρ(r) strongly
correlates with the oscillation of effective force between
the two walls. Repulsive force, F > 0, is always cou-
pled with an increase of ρ(r), i.e. ∂ρ(r)/∂r > 0, while
attraction, F < 0, is always coupled with the decrease of
ρ(r), i.e. ∂ρ(r)/∂r < 0. This strongly suggests that the
effective force between the walls is induced by dynamic
wetting of the living crystalline clusters in the system.
However, different from the attractive wetting force in
equilibrium [36], the dynamic wetting force we observed
here appears to be overall repulsive, as the repulsive part
is larger than the attractive part in the effective inter-
action. We also investigated the effect of polydispersity
on the dynamic wetting force. As shown in Fig. 1c, with
increasing the size polydispersity, the dynamic wetting
force becomes weaker, due to the suppressed wetting by
the polydispsersity. This is similar to the equilibrium
wetting of hard-sphere crystals on a hard wall depend-
ing on the symmetry of the crystal and surface proper-
ties [37, 38]. We also confirm that polydispersity in the
magnitude of the active force does not influence the dy-
namic wetting force significantly [16].
Furthermore, we study the influence of the bulk phase
density of the particles ρbulk on the effective wall-wall in-
teraction. The measured reduced forces F/(ρbulkσkBT )
for various ρbulk are shown in Fig. 1f. Decreasing the
bulk density from ρbulkσ
2 = 0.4 to 0.2, reduces both the
force amplitude of oscillation and its range, because the
size of dynamic clusters decreases with lower density [29–
31]. Surprisingly, an attractive tail starts to appear
in the effective force, which becomes (relatively) more
dominant with decreasing ρbulk. In dilute systems, i.e.
ρbulkσ
2 = 0.02, except for a repulsive peak at r/σ ' 2,
the force between the walls has become almost entirely
attractive, with a contact value of ≈ −20kBT/σ and a
range of ≈ 20σ. To understand this intriguing attraction,
we study the wall-wall interaction in systems containing
non-interacting ideal self-propelled particles, in which the
particles do not interact with each other, but only with
the two hard walls. The density distribution for various
r in Fig. 1i shows a strong peak when r/σ ' 2 due to
dynamic wetting of the self-propelled particles [39, 40].
Increasing the wall-wall separation to r/σ = 5, the dy-
namically wetted layers of ideal particles on the walls per-
sist, while inside the confinement the density of particles
is much lower than ρbulk. Therefore, the inside surface of
the walls is in contact with a lower density fluid than the
outside, yielding a net attractive force pushing the two
walls towards each other. As shown in Fig. 1i, further in-
creasing r eliminates the density difference between the




















































































FIG. 2: (color online) (a) Simple model with one ideal par-
ticle (grey square) moving in a 2D square lattice, with two
parallel impenetrable walls (dark squares). (b-d) Reduced
density distributions ρ(x, y)/ρbulk for kswap = 0.2, 0.5 and 1,
respectively. (e) Effective force between two walls F/v0 for
various kswap as a function of r. The solid lines are the fits
with ∼ − exp(−r/ξ). (f) Fitted interaction range ξ in (e) as
a function of 1/kswap.
outside and inside of the confinement, and at sufficiently
large r the attraction vanishes. We also plot the reduced
pressure Fσ2/(WkBT ) on the two walls as a function
of r for various wall sizes in Fig. 1g. With larger wall
size W , the magnitude of pressure increases, but when
W/σ ≥ 80, the effect of the wall edges has become negli-
gible. Moreover, the reduced pressure between walls can
be well fitted with an exponential form ∼ − exp(−r/ξ),
where ξ can be regarded as the range of the force. With
increasing random self-propulsion, both the strength and
range of the effective attraction increase.
To understand the physics of the intriguing attraction
mediated by self-propelled ideal particles, we studied an
even simpler active particle model in which a single par-
ticle moves on a 2D (100 × 100) square lattice with a
constant speed of v0 = 1 lattice site per step in the ±x
or ±y direction (see Fig. 2a). The particle has a proba-
bility kswap to rotate by ±90 degrees. In this model, the
only controlling parameter is kswap. When kswap < 1,
at each step the particle has a probability of 1 − kswap
to keep its current direction. Therefore, kswap character-
izes the persistence length in the random walk lp; this
is the expected path length before the particle turns,
lp =
∑∞
i=1 ikswap(1 − kswap)i−1 = 1/kswap. Placing two
parallel hard walls of 10 sites each, with the rule that
if the particle hits a wall it remains at its lattice posi-
tion, we perform Monte Carlo simulations long enough
to reach a steady state (∼ 108 steps).
Figure 2b-d shows, for a fixed wall-wall separation the
reduced probability distributions of the particle on the
square lattice with various kswap. When kswap = 1, this
distribution is homogeneous, as expected. However, at
kswap = 0.2 or 0.5, the distribution becomes spatially
4heterogeneous, and the probability density inside the
confinement is lower than outside. The force on the walls
follows from the average probability of finding particles
colliding with the wall (see Fig. 2e). The decay constant
ξ (obtained from fitting to F ∼ − exp(−r/ξ)) depends
on kswap as ξ ∼ 1/kswap (see Fig. 2f), as the range of
the non-equilibrium dynamic depletion force is close to
the persistence length, which is lp = 1/kswap. For active
Brownian hard spheres, this persistence length, signifing
the loss of correlation of the direction of active motion,
is not a well-defined single quantity due to the thermal
fluctuations. However, one can still define a persistence
length lBDp as the displacement at time τR = 1/Dr at
which the orientation correlation of the active force de-
cays by a factor e. This yields lBDp /σ = 2.88, 5.21 and
10.14 for fσ/kBT = 10, 20 and 40, respectively [11]. By
fitting the force with ∼ − exp(−r/ξ) in Fig. 1h, we obtain
ξ/σ = 7.41, 12.03 and 16.774 for fσ/kBT = 10, 20 and
40, respectively. Thus, lBDp and ξ are both on the same
scale, and increase with increasing the self-propulsion.
This suggests that our model of a single active lattice
particle can capture the essential physics of the active
Brownian particle. Nevertheless, we stress that the quan-
titative physics of the novel dynamic depletion induced
by active particles, even in the simple lattice model re-
quires further studies.
Finally, to make our findings relevant for micro-
fluidic experiments, we study self-propelled colloidal hard
spheres confined in a quasi-2D confinement (see inset
Fig. 3a). The confinement height between two horizon-
tal hard walls is H [16]. Figure 3a shows the effective
interaction between two parallel finite vertical walls with
W/σ = 10, for a random self-propulsion fσ/kBT = 40,
and a fixed 2D bulk number density Nσ2/A = 0.4, where
A is the area in the x, y plane. With increasing con-
finement height H, both the range and strength of the
oscillating force mediated by confining dynamic clusters
between the two vertical walls decrease, as these clus-
ters shrink with larger H. A long range attraction starts
to dominate the effective interaction similar to the case
of 2D active hard spheres. When H/σ ' 6, this long
range attraction has a contact value around −200kBT/σ.
Thus, by changing the confinement height, one can tune
the effective interaction mediated by active hard spheres
from a long rang repulsion into a long range attrac-
tion. Figure 3b shows that for a fixed 3D number den-
sity Nσ3/(AH) = 0.2, with increasing the confinement
height, the oscillating repulsion in the effective interac-
tion decreases, and the attraction tail gradually increases.
This is similar to decreasing the density of the particles,
as in a quasi-2D system of constant volume fraction, a
larger confinement height produces more free volume for
particles, which effectively decreases the “density” of the
particles.
We stress that the activity studied here lies in real-
izable range in recent experiments. For instance, the













T) H/σ = 1.1H/σ = 2.0
H/σ = 4.0


















FIG. 3: (color online) (a) Main: Fσ2/(WkBT ) as function
of wall-wall separation r/σ for fσ/kBT = 40 in quasi-2D
confinement with varying height H/σ, at fixed 2D number
density Nσ2/A = 0.4. Inset: a typical system snapshot with
two walls as yellow bricks. (b) Fσ3/(WHkBT ) as function of
r/σ for fσ/kBT = 40 and varying H/σ, where the 3D number
density is fixed at Nσ3/(AH) = 0.2.
light-activated colloids [9], the catalytic Janus particles
[7], and the particles with an artificial magnetic flagella
[3] are capable of producing self-propulsions as high as
fσ/kBT ' 20, 50, 80, respectively, which should be able
to produce giant effective force to drive the self-assembly
of passive particle systems. While we fix the two paral-
lel walls during the simulation, in reality, all objects in-
cluding the passive objects in the suspensions may move,
so that the effect induced by active particles might be
different [13]. However, it is known that the diffusiv-
ity of passive objects in solution drops dramatically with
increasing sizes. Therefore, our results suggest a novel
way of producing tunable long range effective interac-
tions between colloidal particles, whose size is of orders
of magnitude larger than that of the active colloidal par-
ticles, and direct their self-assembly, which was difficult
to achieve by using passive particles. In this work we fo-
cus on the effective interaction produced by the general
non-equilibrium feature of active matter, and neglected
hydrodynamic effects that would be interesting for fu-
ture experimental and theoretical studies [41]. Finally,
in the previous experiment studying the effective inter-
action between colloidal spheres mediated by active mat-
ter, i.e. bacteria, different from this work, only a short
range repulsion instead of any long range forces was ob-
served [15]. The reason is that the shape of the active
and passive colloids also plays an important role [42].
After completing this work, we became aware of a
very recent work by Ray et al. showing that in an-
other model of run-and-tumble active particles, a sim-
ilar dynamic depletion force was also observed, which
suggests that the dynamic depletion force may generally
appear in many active matter systems [43]. R.N. and
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6SUPPLEMENTARY MATERIALS
In the 2D system of active hard spheres, the interaction between particle i and j is modeled with a steep Weeks-

















0 rij/σ > 2
1/6,
(1)
where rij is the center-to-center distance between the two spheres, and σ is the diameter of the particles, with kB and
T the Boltzmann constant and the temperature of the system , respectively. Here, the strength of the interaction is
set  = 40. Moreover, the interaction between particle i and wall j is given by Uwall(i, j) = UWCA(rij), in which rij
is minimal distance between the center of particle i and points on the line segment j.
In the quasi-2D system of active hard spheres confined betwen two horizontal walls, the interaction between particle





0 0.5σ ≤ zi ≤ H − 0.5σ,
∞ otherwise, (2)




FIG. S1: (a-e) Typical snapshots of 2D systems of self-propelled colloidal hard spheres at density ρbulkσ
2 = 0.4 with self-
propulsion fσ/kBT = 0, 20, 40, 60 and 80, respectively. (f) Illustration of the system to study the interaction mediated by the
dynamic clusters of self-propelled colloidal hard spheres, and the two vertical lines indicate the two parallel hard walls. The
red arrows indicate the direction of random self-propulsion.
The effect of polydispersity of active force on the dynamic wetting force is shown in Fig. S2. The self-propulsion
on particle i is given by
fi = f · [1 + ξ(sf )] , (3)
where f is average active force in the system, and ξ(sf ) is a Gaussian random number with zero mean and the
standard deviation sf .














FIG. S2: Effective interaction between two parallel walls Fσ/kBT as a function of wall-wall distance r for systems of active
hard spheres with different polydisperse active propulsions sf . The density of the system is fixed at ρbulkσ
2 = 0.4, and the
average self-propulsion is fσ/kBT = 40 with σ the particle diameter.
